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We consider a complex inﬂaton ﬁeld with a CP asymmetric term for its potential. This CP asymmetric 
term produces the global charge of the inﬂaton after inﬂation. With the assignment of the baryon number 
to the inﬂaton, the baryon asymmetry of the universe is produced by inﬂaton’s decay. In addition to this, 
the U (1) breaking term modulates the curvature of the inﬂaton radial direction depending on its phase, 
which affects the tensor-to-scalar ratio. In this paper, we have studied the relation between the baryon 
asymmetry and the tensor-to-scalar ratio, then veriﬁed that the future CMB observation could test this 
baryogenesis scenario with large tensor modes.
© 2015 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
Inﬂation theory is attractive to solve the cosmological problems 
such as the ﬂatness, horizon and monopole problems. Further-
more, inﬂaton’s quantum ﬂuctuations give the seeds of the large 
scale structures, and they are imprinted on the cosmic microwave 
background (CMB). Observations of the CMB such as the Planck 
mission [1] have veriﬁed that the spectral index of the scalar per-
turbation deviates from the ﬂat spectrum with more than 5σ , 
which strongly suggests the realization of the inﬂation. By the de-
tection of the tensor mode in the near future, this inﬂation theory 
and its energy scale will be conﬁrmed.
The domination of the inﬂaon’s energy over the universe in-
duces the cosmic accelerating expansion, which dilutes the other 
matter contents and their asymmetry presented before inﬂation. 
On the other hand, by the observation of CMB [2] and by the mea-
surements of the primordial abundances of the light elements [3], 
the abundance of the baryon asymmetry after the Big Bang Nu-
cleosynthesis is conﬁrmed as ns/s  10−10. To explain this asym-
metry, various production mechanisms have been proposed such 
as the electroweak baryogenesis [4], the leptogenesis [5] and the 
Aﬄeck–Dine baryogenesis [6]. In this paper, we focus on the 
Aﬄeck–Dine baryogenesis, in which the rotating complex scalar 
ﬁeld (AD ﬁeld) on the ﬁeld space with the baryon number pro-
duces the U (1)B charge, and then by the decay of the AD ﬁeld into 
baryon, the baryon asymmetry is produced. We assign the baryon 
number on the inﬂaton, and investigate the baryon production by 
the inﬂaton’s AD mechanism.
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SCOAP3.Suppose the quadratic chaotic inﬂation [7], the constraint for 
the abundance of the tensor mode by Planck mission [1] suggests 
that the potential takes some suppression by the higher terms such 
as a cubic one V ∼m2φ2 − λφ3. In the previous studies [8–10], it 
is shown that if this higher term breaks U (1) symmetry such as 
V = m2||2 + λn + h.c., its breaking gives the variation of the 
inﬂaton for the phase direction after the inﬂation and then the 
asymmetry of the inﬂaton is produced. Furthermore, [8–10] have 
shown that by the decay of the inﬂaton assigned baryon number, 
the large amount of the baryon asymmetry is produced to explain 
the observed one ns/s ∼ 10−10.
As shown in [8,9], the abundance of the tensor mode for this 
model is mainly determined by the quadratic term V ∼ m2||2, 
however, the higher terms V  λn would also gives the sizable 
modulation of the tensor mode. This higher term is also the source 
of the inﬂaton’s asymmetry, which thus means that the tensor 
mode is correlated with the inﬂaton’s asymmetry, and then with 
the baryon asymmetry. In this paper, we have investigated the 
relation between the prediction for the tensor mode and the abun-
dance of the baryon asymmetry produced by the inﬂaton, suppos-
ing the polynomial inﬂation where U (1) symmetry is broken by 
the cubic term as V =m2||2 + (λ3 + h.c.) + λ2/m2||4.
The organization of this paper is as follows. At ﬁrst, in Sec-
tion 2, we brieﬂy explain the dynamics of this inﬂation model, 
and then calculate the prediction for tensor-to-scalar ratio r and 
spectral index ns for each initial phase of the inﬂaton and for the 
typical strength of the coupling λ. Then, in Section 3, we calculate 
the inﬂaton’s asymmetry produced in this model, and then discuss 
its decay into baryons. Finally, we conclude this paper in Section 4.under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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In this section, we show the model and brieﬂy explain its dy-
namics. Then, we investigate the prediction for CMB observations 
r and ns .
We consider the complex scalar inﬂaton , whose action is 
given as
S =
∫
d4x
√
−det(gμν)
[
M2p
2
R + |∂μ|2 − V ()
]
, (1)
where R is the Ricci scalar. We give the inﬂaton’s potential within 
the renormalizability as
V =m2||2 + λ(3 + ∗3) + g||4, (2)
where m is the mass, λ is the dimension one constant, and g is 
the dimensionless coupling, and we have supposed a CP asym-
metric cubic term in the potential. For the simplicity, we set the 
coupling g by the dimension one parameter λ as g = λ2/m2.1 Sep-
arating variable of the inﬂaton into the radial and phase parts as 
 = (φ/√2) exp(iθ), we can reduce the potential (2) as
V =m2
[
φ2
2
+ √2α cos(3θ) φ
3
Mp
+ α2 φ
4
M2p
]
, (3)
where we have deﬁned the dimensionless parameter as α ≡
λMp/(2m2). For this potential, the radial part φ follows bellow 
equation as
φ¨ + 3Hφ˙ +m2
[
1+ 3√2α cos(3θ) φ
Mp
+ 4α2 φ
2
M2p
]
φ = 0, (4)
where the over dot means the cosmic time derivative and H means 
the Hubble parameter and we have neglected the spatial derivative 
of the inﬂaton. In the case of the quadratic chaotic inﬂation model 
V chao = (m2/2)φ2, the ﬁeld value at 60 e-folds number is 
√
60Mp . 
We suppose that the strength of the asymmetric term is small so 
that the modulation of the cubic term for the quadratic term is 
small at 60 e-folds as α < 10−2. In this section, we neglect the dy-
namical variation of the inﬂaton’s phase during inﬂation, and set 
the phase by the constant one as θ  θi . Then, the Hubble param-
eter is approximated by the homogeneous mode of the inﬂaton’s 
radial direction as H 
√
(1/3M2p)
[
(1/2)φ˙2 + V ].
The curvature perturbations produced by inﬂaton and the gravi-
ton’s ﬂuctuations are imprinted on CMB as the scalar and the 
tensor mode. The scale dependence of the scalar mode is given 
by the spectral index ns , and the abundance of the tensor mode is 
given by the tensor-to-scalar ratio r. Taking the slow roll approxi-
mation, we can give ns and r by the slow roll parameters 
 and η
as
ns = 1+ 2η − 6
, (5)
r = 16
, (6)
where 
 ≡ M2p/2 
(
Vφ/V
)2
, and η ≡ M2pVφφ/V . From these def-
initions, we can see that ns and r depend on the gradient or 
the curvature of the inﬂaton’s potential, which are determined by 
the coupling of the CP asymmetric term α and inﬂaton’s initial 
phase θi . Thus, by the determination of ns and r, we can con-
strain α and θi . Remaining of this section, we calculate the ns and 
1 This relation between λ and g as g = λ2/m2 is established for the supersym-
metric polynomial inﬂation model [11].r at the pivot scale, where we suppose 60 e-folding number. Then, 
compare the prediction by the present constraint by Planck mis-
sion [1].
The e-folding number from the pivot scale ti to the end of the 
inﬂation te is given as
Ne =
te∫
ti
Hdt 
φi∫
φe
1
M2p
V
Vφ
dφ, (7)
where φe(φi) is the ﬁeld value of φ at te(ti), and we have used the 
slow roll approximation. φe is given by the one at the breaking of 
the slow roll condition as
max{
,η} = 1. (8)
In this paper we numerically solve the two equations (7) and (8)
for Ne = 60, then substituting the obtained value of φi into the 
equations (5) and (6), we evaluate the predictions of ns and r
at the pivot scale. The results of the simulations are summarized 
in Fig. 1. From the top left panel of Fig. 1, we can see that the 
spectral index depends on initial phase of the inﬂaton referred as 
C ≡ cos(3θi) and its modulation is larger for more larger α. For the 
negative value of C , the potential is suppressed by the cubic term, 
then the tensor-to-scalar ratio becomes smaller showed on the top 
right panel of Fig. 1. Our model converges to the quadratic chaotic 
inﬂation model for the limit of the small coupling α → 0 [7]. We 
can see this behavior for ns–r relation on the bottom panel of 
Fig. 1. For the smaller couplings α = 10−3, 10−4, the ns–r relation 
is the point like one regardless of the initial phase, which is the 
same pint as the chaotic inﬂation predicts. However, for the larger 
one α = 10−2, due to the cubic term modulation, the prediction for 
the tensor-to-scalar ratio depends on the initial phase of the inﬂa-
ton,2 which will be tested in the future observation of the CMB. 
This initial phase of the inﬂaton also relates to the amount of the 
inﬂaton’s asymmetry, then ﬁnally to the baryon asymmetry, which 
is described in the next section.
3. Inﬂaton asymmetry and its decay into Baryon
During the inﬂation, the variation for the phase direction is 
negligible due to the Hubble friction, and after the inﬂation it stars 
to roll down to the minimum θmin = nπ/3, (n ∈N ). This rotation 
for the phase direction produces U (1) charge of the inﬂaton. At 
the same time, the Hubble expansion decreases the amplitude of 
the radial direction, which suppresses the cubic term and then the 
U (1) charge becomes time independent. By the decay of inﬂaton 
into other particles, the U (1) charge is transferred to the baryon 
asymmetry. In this section, we evaluate the U (1) charge by nu-
merically solving the equation of motion including the dynamical 
variation of the phase direction.
The equation of motion of the complex inﬂaton ﬁeld  is given 
as
¨ + 3H˙ + ∂V
∂∗
= 0, (9)
where the derivative of the potential is given as
∂V
∂∗
=m2
[
 + 6α
∗2
Mp
+ 8α2 ||
2
M2p

]
. (10)
2 We have checked the effect of the phase direction’s dynamical variation on the 
e-folding number by the numerical simulation. Even including the dynamical vari-
ation of the phase direction, the deviation of the total e-folding number is smaller 
than one.
370 N. Takeda / Physics Letters B 746 (2015) 368–371Fig. 1. Plots of ns and r for each α and C , where C is deﬁned by the initial phase of inﬂaton as C ≡ cos(3θi). We have set the parameter α = 10−2, 10−3, 10−4 and C = −1
to 1. We set 60 e-folding number as Ne = 60. The top left (right) panel shows the dependence of ns (r) on C for each α. The bottom panel shows dependence of the r–ns
relation on C for each α plotted in the observational constraint by Planck [1]. The thins (thick) region is the one (two) sigma deviation region.To integrate this equation, we separate the ﬁeld into real and imag-
inary parts as
 ≡ φ1 + iφ2√
2
. (11)
In simulations, we give the Hubble parameter by the Friedmann 
equation as
H =
√
ρ
3M2p
, (12)
where ρ is the energy density of the inﬂaton deﬁned as
ρ = |∂μ|2 + V ()  |˙|2 + V ()
= 1
2
[
(∂μφ1)
2 + (∂μφ1)2
]
+ V (φ1, φ2), (13)
where we have neglected the gradient energy of the inﬂaton. Using 
the data of the simulations, we evaluate the U (1) charge of the 
inﬂaton asymmetry nφ deﬁned as
nφ = −i(∗˙ − ˙∗) = φ1φ˙2 − φ2φ˙1. (14)
For the convenience of the bellow calculation, we normalize this 
asymmetry by the inﬂaton’s number as
A ≡ nφ
nφ
= m
ρφ
nφ. (15)
After the suﬃcient damping of the inﬂaton’s amplitude, nφ is 
diluted such as the ordinary number density of the matter as 
nφ ∝ a−3. Thus, the normalized inﬂaton asymmetry A converges 
to the constant value after the suﬃcient oscillations. We cal-
culate this constant value of A for each initial phase in α =
10−2, 10−3, 10−4 cases.
In order to taking account the dynamical variation of the phase 
direction even during the inﬂation, we start the simulation from Fig. 2. Time evolution of the inﬂaton asymmetry A. The initial condition of the 
inﬂaton is given as φi = 15.4, cos(3θi) = −0.994. The coupling of the cubic term 
is given as α = 0.001. In this ﬁgure, inﬂation ends at t ∼ 20[1/m].
the pivot scale. We have conﬁrmed that the deviation of the e-
folding number from the one neglecting the phase’s variation is 
within 1 e-folding number. Simulations are continued until the in-
ﬂaton’s asymmetry A converges to the constant value. We show 
the result for one parameter set as α = 10−3, φi = 15.4, cos(3θi) =
−0.994 in Fig. 2. Until the end of the inﬂation t  20/m, inﬂa-
ton slowly rolls down for the radial and phase directions, thus the 
asymmetry A is small and nearly constant. After the end of the in-
ﬂation, inﬂaton starts to oscillation and then, by the suppression of 
the cubic term, A becomes time independent. This eventual asym-
metry A is related with the initial phase of the inﬂaton θi and 
coupling α, which is showed in Fig. 3. From this ﬁgure, we can see 
that for α = 10−2, the typical value of the inﬂaton asymmetry A is 
A ∼ 10−2 up to 0.14.
We suppose that the inﬂaton has the baryon number bφ . In 
this case, the U (1) charge is the baryon asymmetry. By the decay 
of the inﬂaton, this asymmetry A is transferred to the baryon par-
ticles. Under the assumption that the inﬂaton rapidly decays into 
N. Takeda / Physics Letters B 746 (2015) 368–371 371Fig. 3. The phase dependence of the inﬂaton asymmetry A for α = 10−2,
10−3, 10−4. C is deﬁned by the initial phase as C ≡ cos(3θi).
radiations when the decay rate  becomes comparable with the 
Hubble dilution rate 3H (reheating), the present baryon to entropy 
ratio nb/s(t0) is estimated by the one at the reheating as
nb
s
(t0)  ρφ
s
(treh)bφ
A
m
= 3
4
TRbφ
A
m
= 7.5× 10−11bφ A
0.01
TR
105 GeV
1013 GeV
m
, (16)
where TR is the reheating temperature. From eq. (16), we can see 
that the baryon to entropy ratio linearly depends on the reheating 
temperature TR , which is determined by the temperature of the 
radiation at   3H as
TR  (π2g∗)−1/2
√
Mp  0.1
√
Mp, (17)
where g∗ is the relativistic freedom, and we have supposed it as 
g∗  100. Thus, for the low decay rate of the inﬂaton so that the 
reheating temperature is low as 105 GeV, the baryon asymmetry 
of the Universe is produced by the inﬂaton’s CP asymmetric term. 
For the protection of the ﬂatness of the inﬂaton potential, this low 
decay rate for the baryonic charged inﬂaton is plausible such as 
the dimension ﬁve operator suppressed by the GUT scale.3
4. Conclusion
In this paper, we have considered a complex inﬂaton with the 
baryon number, whose baryon U (1) asymmetry is slightly bro-
ken by the cubic term in the potential. Depending on the initial 
phase of the inﬂaton, the curvature of the inﬂaton’s potential is 
modulated by the cubic term, and then the tensor-to-scalar ratio 
r at the CMB scale takes the speciﬁc value for each initial phase. 
On the other hand, the cubic term gives the initial velocity for 
the phase direction and then by the Aﬄeck–Dine mechanism, the 
baryon charge A is produced depending on the initial phase. After 
3 As one realization of the baryonic inﬂaton’s interaction, we mention the 
higher-dimensional super-potential based on SUSY as W = yφu¯u¯d¯/M , where y is 
the coupling constant, and u¯, ¯d are super-ﬁeld of the up and down quarks. In this 
case, the decay rate of the inﬂaton is given as   y2m3/M . Supposing that the 
strength of the coupling is gauge’s one as y  10−2, and supposing that the sup-
pression scale is GUT scale as M  1016 GeV for m = 1013 GeV, we obtain the 
reheating temperature as TR  y(Mp/M)109 GeV 105 GeV.the decay of the inﬂaton, the inﬂaton’s baryon charge is transferred 
into the baryon particles.
In this paper, we have evaluated r and A, numerically solving 
the evolution of the inﬂaton for each initial phase as shown in 
Fig. 1 and in Fig. 3. From the results, we have seen that for the 
coupling of the cubic term α as large as 10−2, the large asym-
metry of the inﬂaton A  10−2 is produced. For the case that the 
inﬂaton has the baryon number, its decay would be induced by 
the higher-dimensional operator, in order to protect the ﬂatness 
of the inﬂaton’s potential. As noted in the end of the Section 3, 
if this decay is induced by the dimension 5 operator whose sup-
pression scale is GUT scale, the reheating temperature becomes 
TR  105 GeV, which explains the present baryon to entropy ratio 
(16). For this large coupling α  10−2, the variation of the tensor 
mode is large as r  0.01 around r  0.1, which is out of 1σ de-
viation but within 2σ deviation from the constraint of the Planck 
mission [1]. Thus, by the future precise observations of the CMB 
especially of tensor modes such as the LiteBIRD mission [12], we 
can verify the relation between r and inﬂaton’s asymmetry A, and 
then the baryon asymmetry for this scenario.
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